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Abstract

We demonstrate the feasibility of using Drop-on-Demand microjet printing
technology for fabricating imaging sensors by reproducibly printing an array of
photopolymerizable sensing elements, containing a pH sensitive indicator, on the surface
of an optical fiber image guide. The reproducibility of the microjet printing process is
excellent for microdot (i.e. micron-sized polymer) sensor diameter (92.2+2.2 microns),
height (35.0+1.0 microns), and roundness (0.00072 £+ 0.00023). pH sensors were
evaluated in terms of pH sensing ability (<2% sensor variation), response time, and
hysteresis using a custom fluorescence imaging system. In addition, the microjet
technique has distinct advantages over other fabrication methods, which are discussed in
detail.
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1. Introduction

The most promising approach to fiber-based pH sensing has been the confinement
[e.g. covalent (Peterson et al., 1980; Saari and Seitz, 1982; Gehrich et al., 1986;
Munkholm et al., 1986; Jordan and Walt, 1987; Nivens et al., 1998), electrostatic (Zhujun
and Seitz, 1984; Nivens et al., 2002)] of pH sensitive indicators in substrates attached to
the fiber surface. Traditional methods for fabricating fiber-based pH sensors involve
attachment of the substrate through mechanical (Peterson et al., 1980; Saari and Seitz,
1982; Gehrich, et al., 1986; Zhujun and Seitz, 1984), dip coating (Nivens et al., 1998,
2002), or photopolymerization methods (Munkholm et al., 1986; Jordan and Walt, 1987).
Mechanical methods vary but most designs utilize tubing (e.g. capillary) filled with
indicating reagent. In some cases, the substrate is directly bound (Fuh et al., 1987) (e.g.
epoxy) to the fiber surface. Sensors of this type are typically fabricated in two principal
steps. The steps involve immobilizing the indicator chemistry on a solid support
material, and subsequently attaching this to the fiber. This method gives better
reproducibility and is widely used (Woltbeis, 1991). However, a survey of the literature
shows that sensors fabricating in this manner are limited to single analyte measurements.
Dip coating methods are commonly used in many sol-gel sensor preparations and
typically produce micron-thick sensing membranes per dip, with the resulting
membrane(s) covering the entire surface of the fiber. Unlike mechanical methods, the
sensing layer can be produced in one step since the fiber tip is dipped in a formulation
containing both the indicator chemistry and the solid support chemistry. Multiple
coatings of different indicating chemistries can be sequentially added to the same fiber,
producing multianalyte sensors (Nivens et al., 2002; Schiza et al., 2001). Such
multianalyte sensor designs can suffer from issues of chemical compatibility and cross
sensitivity. Sensors fabricated by dip coating have not been shown to be reproducible
and do not offer spatial discrimination of the individual sensing layers, since each target
analyte must interact with the indicator chemistry of a particular layer and produce an
optically distinct signal (e.g. fluorescence or absorption).

Photopolymerization methods are among the earliest methods used for fiber-based
sensor fabrication. In recent years, Walt et al advanced this method by demonstrating
that unique patterns of indicator chemistries could be covalently attached directly to the
tips of optical fiber bundles, comprised of thousands of densely packed fibers (Healey et
al., 1995; Healey and Walt, 1997; Barnard and Walt, 1991). Specifically, these
polymerized arrays of indicator chemistries were produced by immersing the optical fiber
tip in a polymerizable indicator chemistry and selectively “growing” the indicator
chemistries on the end of the optical fiber strands via ultraviolet UV) radiation
photopolymerization. These sensor arrays were then spatially discriminated using simple
imaging techniques. Multianalyte sensors can be fabricated by immersing the fiber tip
sequentially in different polymerizable solutions followed by photopolymerization.
However, the order in which the sensing elements were added to the fiber surface was
critical because of cross sensitivity issues (Ferguson et al., 1997). Furthermore, these
arrays are non-uniform, resulting from the lack of control during the photopolymerization
step. This leads to sensors that are not reproducible in their response.



Building upon Walt’s work, we demonstrate the feasibility of using Drop-on-
Demand microjet printing technology (Wallace et al., 2002) for fabricating imaging
sensors by printing an array of photopolymerizable sensing elements on the surface of an
optical fiber image guide. The microjet printing process produces highly reproducible
droplets via a piezoelectric driven orifice, resulting in a very uniform sensor array. For
these initial studies, a pH sensitive indicator was immobilized in a polymeric support and
tested using a fluorescence imaging apparatus. Several key optical and physical
properties of the microdot sensor array are evaluated in terms of morphology, response
time, and pH sensing reproducibility.

2. Experimental

The printed indicator chemistry was comprised of a proprietary optical polymer
(i.e. epoxy) that was photopolymerized from a mixture of glycidyl ethers of dihydroxy
compounds including cyclohexanedimethanol diglycidyl ether, glycerol diglycidyl ether,
butanediol diglycidyl ether, and ethylene glycol diglycidyl ether, in which a pH sensitive
dye, fluorescein (Sigma-Fluka), was dissolved at 0.6%w/w. The concentration of
fluorophore in the polymer was based on prior experience of one author. Reactive
materials were purchased from Aldrich Chemical Co. and Monomer-Polymer
Laboratories, and used as received. All photopolymerization was performed using the
Green Spot™ (300-480nm) from UV Sources, Inc. The Lewis acid initiator species SbF¢-
was created in situ by UV photolysis (2000mW) from a commercial triaryl compound
present at a 0.5%w/w level. Buffered solutions were prepared using Hydrion buffers.

Optical image guides (Sumitoma, IGN-05/06) were polished (1 micron finish) and
cleaned with acetone. After evaporation of solvent, image guides were dipped in a
commercially available fluoroaliphatic copolymer solution (3M Inc., FC-724 proprietary
formulation), which also contains a low concentration of alkyltrialkyloxysilane coupling
agent. The image guides were then baked for ~45 min at 140°[], resulting is a single
microns-thick, optically transparent coating on the fiber surface with a surface energy
expected to be ~15 dynes/cm as reported in the 3M literature. Adhesion of the coating to
the optical fiber is presumed to be a combination of mechanical adhesion, van der Waals
attraction, and some covalent bonding through condensation of surface silanol groups on
the optical fiber with the alkyloxysilane groups of the coating during the baking process.
Adhesion of the subsequently polymerized microdot sensors (epoxy chemistry) to the
fluoropolymer coating is presumed to be a combination of mechanical interlocking and
van der Waal’s forces. The fluoroaliphatic copolymer likely contains polyfluoroacrylate,
which would allow hydrogen bonding between carbonyl groups and the hydroxyl groups
of the epoxy. Although rigorous adhesion characterization was not performed, the
microdots remained intact on the fiber surface after repeated cycles of exposure to
aqueous environments with subsequent drying.

The custom fluorescence imaging system, a similar system previously described
(Carter et al., 1999), utilizes a liquid nitrogen-cooled, charge-couple device (Princeton
Instruments, Model LN/CCD-512TKB/1) photodetector and a high intensity blue light-
emitting-diode (LED) for excitation. The imaging system was designed to magnify the
distal portion of the optical image guide 10 fold. The resulting image of the fiber tip
covered 203 pixels of the CCD (no pixel binning). For all fluorescence measurements,
7x7 on-chip pixel binning was used. This resulted in a 29x29 grid of superpixels in



which there was no overlap in signal from adjacent microdot sensing elements. The
images used to calculate the calibration curve shown in Figure 3 were acquired with 10
coadditions, 25 sec exposures each. Images used to calculate the response time data
shown in Figure 4 were acquired with 12 sec exposures.

pH measurements below pH 6 were hindered by matrix effects. The relative error
for the pH 6 and pH 3-5 (not shown) measurements was greater by a factor of 3-4
compared to the relative error for all data points from pH 6.8 to 9. The pooled relative
error for data between pH 6.8 and 9 was 1.3%. When the data for pH 6 was included in
the calculation, the pooled relative error was 2.2%. The 2% variation we report in the
text is actually on the high end of the measurement.

3. Results and Discussion

The process for inkjet printing indicator chemistries on an optical substrate is
similar to that used to produce micro-optical components (Cox et al., 1995; Cox et al.,
1996; Chen et al., 2002). This technology, known as Drop-on-Demand microjet printing,
is a process that utilizes a piezo driven orifice, which emits a highly reproducible droplet
(i.e. indicator chemistry) each time an appropriate driving pulse produces a displacement
of the piezoelectric element surrounding the orifice. Figure 1a shows an image of droplet
emission from the piezo driven orifice. With the aid of stroboscopic illumination, this
image is actually the superposition of ~1000 individual droplets. The clarity of the
monomer droplet in the lower part of Figure 1a indicates the time and spatial precision of
the microjet process. Other key features of the microjet system (Fig 1b) include motion
control actuators for accurate positioning of the substrate (i.e. optical fiber) during
printing, a UV light tube for photopolymerizing printed monomers, and a clean-
air/exhaust system for preventing airborne contamination.

The microjet system was used to print microdot arrays of indicator chemistries on
the tips of optical fiber image guides. The capabilities of the microjet process for printing
chemistries on an optical image guide are shown in the darkfield images of Figure 2a-d.
The top-view image of Figure 2a shows 7 microdots ‘printed’ in a 6-around-1
configuration on the polished surface of a 500 micron optical image guide. The diameter
of the circle through the centers of the circumferentially printed microdots is 260
microns, indicating this pattern easily fits on the end of the image guide. The
reproducibility of the microjet printing process is excellent for microdot sensor diameter
(92.2+£2.2 microns), height (35.0£1.0 microns), and roundness (0.00072 £ 0.00023),
which is calculated by dividing the difference between maximum and minimum
diameters by the average diameter. Figure 2b shows a side view of the seven microdots
and provides visual detail about the array aspect ratio (i.e. diameter vs. height). This ratio
is controllable by adjusting physical characteristics (e.g. surface tension, viscosity) of the
monomer formulation using surface active materials, as example Fluoroad FC171 (3M,
Inc.), and temperature (75°C) of the fluid in the printhead, by adjusting the surface
energy of the optical fiber using surface modifiers (e.g. fluoroaliphatic copolymer), and
by adjusting the number and diameter (orifice size) of deposited droplets. In all
experiments, each microdot is a single droplet expelled from a 40-micron orifice, and all
image guide fibers are treated prior to printing in this study with a fluoroaliphatic
copolymer surface modifier. Figures 2¢ and d are the expanded top view and side view,
respectively, of a single microdot and clearly show the microdot symmetrical



morphology. It should be noted that beneath the transparent microdot of Figure 2c, the
individual pixels comprising the optical image guide are clearly discernable due to a
lensing effect caused by the microdot morphology. In addition to morphological
characteristics, the fluorescence intensity of 30 fluorescein-doped microdots were
measured and compared using an imaging spectrometer and determined to vary by 2
percent or less.

Although this example of an optical sensor system uses only one indicator, it
demonstrates the unique capability of inkjet technology to place multiple microdots, each
possibly containing a different fluorophore, on the end of the optical imaging fiber. Any
indicator compound that will form a solid solution in a polyether or polyacrylate
produced by photopolymerization is a suitable candidate.

3.1 Sensor calibration/variability

The pH sensing ability of the fluorescein-doped microdots was evaluated using a
custom fluorescence imaging system. Sensor variability of the microdot array was
minimal across the range of pH 6 to 9 as shown in Figure 3. In the pH range 6.8 to 8, the
response is linear. Above pH 8, the change in fluorescence intensity with increasing pH
is less due to the pKa of the immobilized fluorescein indicator. Though fluorescein is
typically used over a wider pH range than shown, we were unable to detect significant
changes in pH below pH 6. We attribute this to an undesirable residual or buffering
effect within the microdots caused by the use of the Lewis acid catalyst species, SbF¢ ion
and UV radiation for polymerizing the fluorescein-doped formulation. It is important to
note that because of uneven illumination (i.e. excitation) of the individual fluorescein
immobilized microdot sensors, all data for each microdot was normalized to the
fluorescence intensity at pH 9 and plotted as the relative change in fluorescence intensity
versus pH.

3.2 Sensor response time/hysteresis

The time response of the 6-around-1 microdot array to changes in pH was
evaluated. For these experiments, the fiber tip was alternated between pH 9 and pH 6.8
buffered solutions while acquiring successive images. In Figure 4, the response curves of
7 microdots over 3 cycles of pH changes between pH 9 to pH 6.8 were identical and
show a tjgo (time to 100% of total response) response time of ~25 sec for decreasing or
increasing changes. These plots were also normalized due to uneven illumination of the
microdot array as previously discussed. The large spike that is evident at the edge of the
transition from pH 9 to 6.8 (cycle 3) was intentional to show how these sensors respond
to brief exposure to air while changing between pH buffered solutions. The lack of
hysteresis in the response curves indicates no photobleaching and/or dye leaching.

4. Conclusions

Microjet printing technology is a viable tool for fabricating fiber-based imaging
sensors. Although only pH sensing was demonstrated in this pilot study, the microjet
technique is potentially amenable to fabricating multianalyte sensors to simultaneously
measure other biologically important parameters such as blood/gas and other ions.
Sensors fabricated in this manner do not have issues of cross sensitivity or chemical
compatibility since each indicator chemistry can be attached to the fiber surface



independently (i.e. microdots are never exposed to other chemistries). This is in contrast
to dip coating and other photopolymerization techniques. Multianalyte sensors, in which
different indicators would be used, could greatly benefit from this technique. Another
important feature of this technique is the excellent uniformity of the polymer sensor
arrays on the fiber surface. Such uniformity has not been demonstrated with any of the
other techniques discussed in this paper. The ability to fabricate reproducible sensors
could enable large-scale production of fiber sensors without the need to calibrate each
individual sensor.
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Figure 1: (a) A stroboscopically illuminated image of 50 micron diameter droplets

(~1000 superimposed) of polymer-based indicator chemistry emitted from the piezo-

driven microjet orifice, and a (b) schematic of the Drop-on-Demand microjet system used

in printing patterned arrays of indicator chemistries on optical image guides.
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Figure 2: (a) Top view and (b) side view of seven 92 micron diameter microdots printed
on a 500 micron diameter optical image guide and the (c) expanded top view and (d) side

view of a single 92 micron diameter microdot.




Figure 3: Plot of normalized fluorescence intensity vs. pH for a 6-around-1 microdot

array. Error bars show *1 standard deviation.
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Figure 4: Relative pH response time curves of a 6-around-1 microdot array between pH

9 and 6.8 indicating a t;o response time of ~25 seconds.
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